The neural mechanisms that determine social bladder control are reviewed, with a particular emphasis on the role played by sensation in the process. Much has been learnt about the neural control of the bladder from studying patients with neurological disease and those disorders that are known to disrupt bladder storage are described. Possible approaches to treatment of the resulting incontinence are reviewed and it is acknowledged that in the future, the optimal treatment for incontinence may be determined by its precise underlying pathophysiology in each instance, for example, suprapontine causes requiring different medication to spinal causes. Although the main emphasis of urological research and development so far has been the treatment of incontinence, effective therapy for other bladder disorders such an impaired emptying or bladder pain could have an important impact on the bladder symptoms of many patients.
Introduction
A focus on the differences between animal and human bladder control is a good starting point from which to present a clinical perspective of the integrated control of the lower urinary tract. Those differences lie mainly with aspects of human behaviour, which have evolved around our social control of micturition and our need to void in an appropriate place, with a degree of privacy. This review therefore starts with an examination of the neural substrate, which enables us to accomplish controlled voiding and then looks at the effect of neurological disease on that process. Mention is made throughout of therapeutic possibilities based on that knowledge.
Micturition as an example of goal orientated behaviour (GOB)
An ethological analysis of an animal's behaviour starts with the basic premise that in response to a specific pattern of stimuli, a central pattern generator produces a fixed behavioural response. This is the basis for GOB, a process that starts with imagination, followed by the initiation of the response, which in turn requires foraging and exploration to reach attainment of the goal and ultimately satiation (Swanson & Mogenson, 1981) . In common with other motivated or examples of GOB, it is likely that the neural substrate for goal selection exists in the hypothalamus and activity there together with activity in the cerebral hemispheres mediates planning of behaviour in response to the selected goal. Micturition can be analysed according to the same scheme of GOB (Figure 1 ).
Among animals there is a hierarchy of behaviours associated with micturition, which involves increasingly sophisticated flexibility, determined by the role of micturition in that animal's social life. Many community living animals void in restricted areas and it seems likely that this 'social continence' has evolved to maximize the survival of the individuals and their community. However, human behaviour relating to bladder control is fundamentally different from all other animals because, certainly in modern day society, we void in a controlled fashion, preferably in privacy. What other animal experiences embarrassment about their voiding being observed and experiences shame if publicly incontinent? Figure 1 shows an analysis of human micturition as an example of GOB. Two salient points are evident from this: first, that the process of voiding is initiated by the sensation of bladder fullness and indeed the overall motivation of the behaviour is to attain relief from this increasingly intense sensation of bladder filling, which is achieved by voiding. The second point is that the process of voiding itself lasts for only a very brief period in the total behavioural cycle. This is indeed the case in daily life; if voiding takes between 1 and 2 min and is performed four or five times a day, calculation shows that the bladder is in the storage mode for 99.8% of life.
It is therefore important when examining neural mechanisms for continence in humans to have as central considerations, the neurology of bladder sensation and the process of bladder storage.
Bladder sensation -normal and pathological
As shown in Figure 1 , it is the motivation to avoid or be relieved from the unpleasantness and anxiety of extreme bladder filling that drives seeking out the facility to void. Reporting degrees of sensory intensity of bladder fullness are not accessible in animal experiments but are of crucial importance in human studies and clinical practice.
Studies in healthy controls have shown that the first sensation of filling (FSF) occurs when about 40% of capacity is reached, but this sensation is indistinct and it is easily disregarded. The first desire to void (FDV) is reported at approximately 60% of capacity and has been defined by ICS as 'the feeling, during filling cystometry, that would lead the patient to pass urine at the next convenient moment, but voiding can be delayed if necessary' (Abrams et al., 2002) . Whereas at 490% of capacity, strong desire to void (SDV) is reported (Denny-Brown & Robertson, 1933; Wyndaele, 1990) , defined by International Continence Society (ICS) as 'a persistent desire to void without the fear of leakage' (Abrams et al., 2002) . Psychological state of mind can effect the perception of bladder fullness. It is well known that anxiety can increase the level of desire to void whereas distraction can also influence awareness of bladder sensation, in much the same way as it can alter awareness of pain (Valet et al., 2004) .
Urinary urgency is a sensation of particular clinical importance and its exact definition continues to be the subject of much debate. The ICS has defined it as 'the complaint of a sudden compelling desire to pass urine which is difficult to defer' (Abrams et al., 2002) . It is a sensation that is not experienced in health and appears to occur just prior to the onset of an involuntary detrusor contraction, which may cause leakage, so called 'urgency incontinence'. When sensed, the subject's physiological response is to contract the pelvic floor and sphincter, which has an inhibitory effect both on bladder sensation and detrusor contraction.
Semantic difficulties have arisen, particularly in translation, in understanding and conveying the meaning of the difference between 'strong urge to void' and 'urgency'. However, the two sensations are not on the same continuum since in health a strong urge or desire to void is not associated with the fear of leakage, in contrast to the sensation of urgency that precedes involuntary detrusor contractions. Elimination of urgency is the aim of effective therapy since it is a symptom per se that greatly worries patients but its effective treatment also implies suppression of the underlying abnormal bladder activity, detrusor overactivity (DO).
The storage phase and what we have learnt from functional brain imaging of the neural control of micturition Throughout filling, there is inhibition of the parasympathetic innervation of the detrusor and activation of the smooth and striated urethral sphincter in response to bladder afferent activity conveyed through the pelvic nerves (Figure 2 ). These reflexes, known collectively as the 'guarding reflex', are organized in the spinal cord (see de Groat, 1975) and in experimental animals the lumbar sympathetic is known to play a major role in the inhibition of parasympathetic activity at the level of the pelvic plexus (Morrison et al., 2005) . In man, the importance of the sympathetic is less obvious since sympatholytics or resection of the sympathetic chain has little effect on bladder storage and some input from the brain stem, the so-called 'L-region' may be involved particularly in voluntary sphincter control (Griffiths, 2002) (Figure 2 ). What is clear is that the guarding reflex is driven by afferent input, which through synaptic activity with interneurones either at a local segmental level or via axons to the brain, affects motor pathways. Ascending afferent activity gives rise to conscious perception of sensation.
Our understanding of the processing of bladder sensations has been greatly advanced in recent years by the advent of functional brain imaging. These powerful techniques using radioactive isotope concentrations, or more recently magnetic resonance imaging, are allowing us to visualize regions of brain activation during specific tasks performed in the scanner. The requirements of positron emission tomography (PET) are that the subject lies immobile in the scanner ready to perform a simple task. A bolus of radioactive water is injected; the task performed and appropriately timed brain images captured from the scanner. More recently the need to inject a radioactive isotope has been obviated by use of the BOLD (blood oxygenated level dependent) signal, which can be detected using magnetic resonance imaging, the BOLD signal being increased in venous blood from metabolically active brain areas. Unlike structural images, the pictures produced by functional brain imaging result from a comprehensive statistical processing of massive amounts of data, a process that requires the analyst to make a number of decisions that can have considerable bearings on the final result. The fundamental basis of the analysis is to compare activation in Figure 1 An analysis of human bladder control as an example of goal orientated behaviour. FS, first sensation; FD, first desire; SD, strong desire to void. different physiological conditions, and thus it is necessary to choose which state to take as 'baseline'; for functional brain imaging applied to bladder control, a comparison between activation with a full and empty bladder has commonly been used (Figure 3) .
The earliest PET studies applied to an analysis of the central control of micturition looked at the process of voiding in first men and then women (Blok et al., 1997; . These studies showed that cortical and brain stem areas are involved in the control of micturition and that the brain stem areas are comparable to those known to exist in the cat. In subjects who were able to void in the scanner (because not all could), a region of activation was seen in the dorsal tegmentum of the pons at a location comparable to that of the pontine micturition centre (PMC) or 'Barrington's nucleus' in the cat (de Groat, 1975) . In those subjects unable to void, a more ventral region of activation was seen, suggesting the existence of a pontine storage centre. The evidence from the animal data for the importance of such a centre is less clear than for the PMC (Griffiths, 2002) since bladder storage is organized in the spinal cord (de Groat, 1975) . The PMC is regarded as the final efferent nucleus of the micturition pathway, which projects to the sacral spinal cord. Inhibition of activity of the PMC is required throughout the storage phase until the appropriate moment to void has been attained ( Figure 3) .
Several functional brain imaging experiments have examined cortical activity during continent bladder filling. A consistent finding of all these studies is an activation of the periaqueductal grey (PAG) (see Kavia et al., 2005 , for a review and Figure 3 ). This is in keeping with experimental studies in the cat, which showed strong afferent connections from the sacral cord to this structure. It has been suggested that the PAG serves as a central relay centre for afferent activity from the pelvic organs and acts as an interface between the afferent and efferent limbs of bladder control circuits, informing the PMC about the degree of bladder fullness (Blok et al., 1995) . The extent to which the PMC receives direct afferent input in different species is the subject of continuing debate, but the importance of the afferent relay function of the PAG for micturition in man and cats may reflect the fact that both these species urinate in safe environments, unlike the rat which voids reflexively (Blok & Holstege, 2000) . The PAG is known to have multiple connections with higher centres such as the thalamus, insula, cingulate, and prefrontal cortices and it seems likely that it is the influence of these higher centres that determines that the act of micturition occurs at an appropriate time and place.
The insula along with the anterior cingulate gyrus have been shown to be an important region for interoceptive awareness of visceral sensations (Critchley et al., 2004) and were found to be activated during bladder filling ( Figure 3 ) as well as gut distension. The anterior cingulate gyrus is part of the limbic system, which is intimately involved in the control of the autonomic nervous system, as well as important in cognition and task performance (Bush et al., 2000) . Classically the anterior cingulate gyrus has been related to affect, but neuroimaging studies show that it is also involved in cognitive processes involving attention and executive control. Autonomic modulation by both the ventral and dorsal regions of the anterior cingulate has also been postulated, with the dorsal region possibly more associated with sympathetic modulation and parasympathetic modulation by the more ventral parts (Critchley et al., 2003; Matthews et al., 2004) . Activity in the anterior cingulate was seen in all the various bladder experiments (Figure 3 ), but the variability of the precise location of activation in the different experiments may be explained by the fact that the anterior cingulate cortex is split functionally into two regions, an anterior/dorsal affective division and a posterior/ventral cognitive division (Bush et al., 2000) . In one set of experiments, subjects were asked to rate their level of desire to void, a cognitive task with hence more posterior activation, whereas in others the bladder was simply filled to reported capacity.
The prefrontal cortex is the region of the frontal lobe that is anterior to the primary and association motor cortices. It is thought to be the seat of planning complex cognitive behaviours and in the expression of personality and appropriate social behaviour (Wood & Grafman, 2003) . The prefrontal region is also known to have a role in attention mechanisms and response selection mechanisms (Pardo et al., 1991) . It has multiple connections with the anterior cingulate gyrus (Carmichael & Price, 1995) and both regions have direct (or indirect) connections with the PAG, hypothalamus and other areas associated with autonomic control. These are the brain regions that are likely to be involved in the conscious and 
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Human neurological bladder control social control of the bladder function. The right inferior frontal gyrus, part of the prefrontal cortex, was seen to be active during the storage and micturition phases of the bladder function in all the studies ( Figure 3 ) and it has been postulated that the task of the prefrontal cortex is to make a decision as to whether or not micturition should take place at a particular place or time.
Micturition
With the decision to void, activation was seen in the prefrontal, insula, hypothalamus and PAG and as already mentioned in the PMC (Blok et al., 1997; . Activation of the PMC is the final brain efferent nucleus and in health results in spinal transmission of activity to sacral segments of the spinal cord ( Figure 4 ). Voiding is achieved by inhibition of the motor outflow to the striated urethral sphincter followed some seconds later by activation of the sacral parasympathetic, which results in contraction of the bladder, an increase in intravesical pressure and the flow of urine. Relaxation of the urethral smooth muscle is mediated by activation of the parasympathetic pathway to the urethra, triggering the release of nitric oxide and by the removal of adrenergic and somatic cholinergic excitatory inputs. Secondary reflexes elicited by flow of urine through the urethra facilitate bladder emptying (Morrison et al., 2005) . The reciprocal coordinated inhibition of the sphincter and activation of the detrusor crucially resides in the PMC and with damage to the bulbo-spinal pathways in the spinal cord this is lost, resulting in a simultaneous detrusor and sphincter contraction, the disorder known as 'detrusor sphincter dyssynergia' (DSD).
Clinical causes of a failure of bladder storage
From the forgoing sections, it will be clear that the process of bladder control is highly complex and depends on the integrity of extensive tracts of the cerebral and extra cerebral nervous system. The roots that innervate the bladder arise from the most distal segments of the spinal cord (S2-S4) and Figure 4 serves by illustration, to highlight the importance of the health of the full-length of the spinal cord for bladder control. The sacral roots pass through the cauda equina and the peripheral innervation of the lower urinary tract; its sympathetic, parasympathetic and somatic innervation reach the detrusor and sphincter via the pelvic and pudendal nerves, respectively.
It is against this background knowledge that the effect of neurological diseases on bladder control will be considered. Neurological causes of clinical significance predominantly involve a failure of the storage phase. Using the scheme of neural control as shown in Figure 4 as the basis of a hierarchical examination of this problem, the different causes are shown in Table 1 .
Central failure of inhibition of the PMC
Central disorders which disrupt the normal inhibition of the PMC during the filling phase will allow bladder emptying at inappropriate times causing incontinence.
Dementia
Numerically the most significant group of patients with incontinence are those with dementia. It is largely such patients whose incontinence has such major social and economic consequences. It seems likely that the structural Figure 3 Summary of regions of interest comparing 'full vs empty' bladder conditions based on the co-ordinates published in five PET studies (Blok et al., 1997; Nour et al., 2000; Athwal et al., 2001; Matsuura et al., 2002) . The figure from Kavia et al. (2005) was prepared using MRIcro (Rorden & Brett, 2000) (with permission from Journal of Comparative Neurology).
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Human neurological bladder control S17 changes that occur with aging cause a number of abnormal bladder functional parameters, but the continent elderly are able to employ compensatory countermeasures (Resnick, 1995) . Incontinence in dementia is due to a multifactorial breakdown in those compensatory mechanisms and so it is unlikely that any specific treatment aimed solely at treating the incontinence in this group will be available in the near future.
Frontal lobe disease
Focal brain disease may affect neural bladder control: that the medial part of the anterior regions of the frontal lobes is critical for bladder control in man was clearly shown by the study of Andrew & Nathan (1964) . Their clinico-pathological cases included patients who had had intracranial tumours, damage following rupture of an aneurysm, penetrating brain wounds or frontal lobe leucotomy. Typically, the history was that 'the feeling of gradual distension of the bladder is lost and the only warning that the patient has that his bladder is full is the sensation associated with the imminence of micturition'. Patients experienced severe urgency, frequency of micturition and urgency incontinence, and furthermore were usually embarrassed by this: only if frontal lobe damage is very extensive do patients become disinhibited and unconcerned about their incontinence. Notably, micturition is normally coordinated.
In addition to the structural detrusor changes that occur with aging, there is a subgroup of elderly patients in whom there is a reduced sensation of bladder filling and urgency incontinence is particularly troublesome. SPECT studies showed this was associated with global underperfusion of the cerebral cortex and more specifically, with underperfusion of the frontal areas of the brain (Griffiths et al., 1994) .
Stroke and cerebrovascular disease
Following stroke, a proportion of patients develop urinary incontinence. There may be many different reasons for this including impaired consciousness, impaired ability to communicate, loss of mobility (Brocklehurst et al., 1985) or general loss of decompensatory mechanisms formerly necessary to cope with the abnormal functional behaviour of the aging bladder. Alternatively, there may be an acquired cerebral lesion affecting brain regions involved in bladder control. Various studies have attempted to correlate the site of vascular brain damage with urodynamic changes (Tsuchida et al., 1983; Kuroiwa et al., 1987; Garrett et al., 1989; Khan et al., 1990) without a clear picture emerging. However, it has been established that the commonest cystometric finding is of DO with normally coordinated voiding. Furthermore, it has been shown that anterior brain lesions are much more likely to be associated with incontinence than are posterior, occipital infarcts or haemorrhages (Sakakibara et al., 1996) .
Epidemiological studies of urinary incontinence following CVA reach a unanimous and somewhat surprising conclusion. This is that urinary incontinence occurring within the 7 days following a stroke is a specific indicator of poor prognosis (Wade & Langton Hewer, 1985; Barer, 1989) . Urinary incontinence appeared to be a more powerful prognostic indicator for poor survival and eventual functional dependence than a history of depressed level of consciousness. The reason for this is not clear, but it may either be that incontinence is the result of a severe general rather than specific loss of function or that those who are incontinent may have suffered more severe loss of morale and self-esteem and are thus less motivated to recover loss of function. Figure 4 The neural pathways involved in the control of the bladder. The pontine micturition centre (PMC) is the final brain efferent nucleus, activation of which results in co-ordinated sphincter relaxation followed by detrusor contraction. Pathways connecting the PMC to peripheral bladder innervation (the pelvic and pudendal nerves) pass down the spinal cord, and through the sacral roots (S2-S4) (with permission from Seandanavian Journal of Urology and Nephrology). S18
C.J. Fowler
Human neurological bladder control
Multiple system atrophy (MSA)
Poor bladder control is a common feature of the neurodegenerative disorder -MSA -a progressive disorder characterized by parkinsonism and autonomic features, but with incontinence occurring early (Beck et al., 1994) . Curiously, the neurodegenerative process appears to selectively affect several neural sites that are important for bladder control. Cell loss in the pons is prominent and involves neurons containing corticotrophin-releasing factor, which it has been postulated, may be the cells of the PMC (Benarroch & Schmeichel, 2001) , also in the descending sympathetic pathways, the interomediolateral cell column (Oppenheimer, 1980) and in Onuf's nucleus (Sung et al., 1978) , the nucleus of anterior horn cells that innervate the sphincter. These deficits may result in DO, poorly sustained detrusor contractions and incomplete bladder emptying, an open bladder neck and weakness of the striated urethral sphincter (Kirby et al., 1986) . The extent to which one of these disorders dominates the clinical picture is variable but poor bladder control may be a premonitory symptom of MSA, preceding the onset of other neurological features such as postural hypotension, cerebellar ataxia or parkinsonism (Sakakibara et al., 2000) .
Parkinson's disease (PD)
By contrast, poor bladder control is a late feature of idiopathic PD and is associated with increasingly severe disability . Some authors have suggested that an impaired relaxation or 'bradykinesia' of the urethral sphincter can result in voiding dysfunction due to bladder outflow obstruction, and hence to DO (Christmas et al., 1988) . However, other studies using cystometry have shown that obstructive voiding patterns are not common in PD patients, indicating other mechanisms must play a more significant role . The hypothesis which is most widely accepted is that in healthy individuals the basal ganglia have an inhibitory effect on micturition reflex and with cell loss in the substantia nigra, DO develops. In monkeys treated with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), an overactive bladder was common, and selective dopamine D1 receptor agonists depressed DO (Yoshimura et al., 1992) . In clinical studies, it was demonstrated that the presence of bladder symptom is related to the decrease in the total number of dopaminergic neurones in the striatum and that relative degeneration of the caudate correlates to severity of symptoms (Winge et al., 2004) . It is also possible that anti-parkinson's medication may affect bladder function, but studies that have looked at the effect of L-dopa or apomorphine on bladder behaviour have produced conflicting results. However, the discrepancies in the literature may be due to the fact that, as recently shown in advanced PD, L-dopa exacerbates DO in the filling phase, but also improves bladder emptying through increased detrusor contractility, so that the postmicturition residual volumes diminish (Uchiyama et al., 2003) . The effects of medication on bladder control have been demonstrated not to be associated with nigrostriatal dopaminergic degeneration but possibly mediated through cortical mechanisms, as the ability to separate and integrate sensory input measured using urodynamics is influenced by medication (Winge et al., 2004) .
Possible therapeutic approaches to treat DO of central origin
Since the common cause of DO in the conditions listed above is probably a failure of inhibition of the PMC, a successful therapy would need to have a central action, redressing the balance between storage failure and voluntary micturition. However, complete central inhibition of voiding resulting in urinary retention would be counterproductive.
Spinal lesions that permit emergence of a segmental reflex causing DO
In animal models, acute disconnection of the pathways between the sacral cord and the pontine micturition centre results in urinary retention, which persists until there has been some recovery from 'spinal shock'. This takes a variable time depending on the species, but the recovery is characterized by the onset of reflex bladder emptying, due to the emergence of a new, segmental spinal reflex. It has been shown in chronic spinal cats that following reorganization of synaptic connections in the spinal cord, previously quiescent C-fibres, form the afferent limb of the reflex, which mediates DO (de Groat et al., 1990) . These C-fibres express the TRPV1 (transient potential vanilloid 1) receptor and are sensitive to capsaicin (Maggi & Meli, 1986) . Changes in the properties of the C-fibres occur so that they become mechano-sensitive and display increased electrical excitability (Yoshimura, 1999) .
The time taken for the C-fibre mediated response to emerge following spinal shock in man is about 6 weeks. Provided some spinal cord function remains intact and bladder sensation is preserved, the DO that develops following a spinal lesions is preceded by the sensation of urgency. Following a complete traumatic spinal cord injury, all bladder sensory function may be lost but with lesser degrees of spinal damage, urgency incontinence is common problem. In a progressive spinal disease, such a multiple sclerosis (MS), there is some correlation between lower limb dysfunction and the severity of bladder dysfunction (Kirchhof & Fowler, 2000) . Although when a patient presents with neurogenic bladder complaints, there are usually some other symptoms and signs of neurological disease, the impairment of mobility which reflects the same spinal lesion (Figure 4 ) may be quite minor, indicating that the neural pathways for bladder control appear to be highly susceptible to spinal disruption. Among patients with neurological disease and urinary incontinence, those with some form of spinal cord dysfunction form the largest group (Fowler, 1999) .
Deafferentation by intravesical agents
That the C-fibres were shown to be capsaicin sensitive (de Groat et al., 1990) was the basis for the first use of intravesical capsaicin to treat DO in patients with MS and intractable DO (Fowler et al., 1992 ). This therapeutic approach was then employed by many other centres worldwide and although a meta-analysis of the published literature (de Seze et al., 1999) almost certainly overestimates the efficacy of intravesical capsaicin instillation (because negative findings were less commonly reported), there is convincing evidence that DO due to a spinal lesion is reduced following intravesical
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Human neurological bladder control S19 capsaicin. Initially, the capsaicin was dissolved in alcohol and was highly pungent, but the subsequent finding that if it is dissolved in glucidic acid it is less irritant (de Seze et al., 2004) has led to the continued use of these instillations for treatment of a specific group of patients in Bordeaux.
Elsewhere, however, with the increasing regulation of nonlicensed agents -the source of capsaicin mostly having been chemical rather than pharmacological suppliers -its use was abandoned in favour of pharmaceutically prepared resiniferatoxin (RTX). RTX is an ultrapotent capsaicinoid with a thousand-fold the selective C-fibre neurotoxicity of capsaicin for comparable pungency obtained from a cactus species of the genus Euphorbia, Euphorbia resinifera (Appendino & Szallasi, 1997) . Following early positive reports of its effectiveness in neurogenic and also in fact in idiopathic (see below) DO (Cruz et al., 1997; Lazzeri et al., 1997) , large-scale placebo-controlled multicentre clinical trials in Europe and the US were initiated. Unfortunately, these were aborted when it became apparent that contrary to expectation most patients were not responding at all and the problem attributed to thitherto unrecognized difficulties in the preparation and administration of the compound. Although the trial was abandoned, some results however were salvaged (Kim et al., 2003; Brady et al., 2004a, b) . In the few responders, it was possible to demonstrate that there had been a reduction of nerve density of the suburothelial innervation, with a parallel reduction in the expression of TRPV1 and P2X receptors (Brady et al., 2004a, b) as well as an effect of the TRPV1 expression by the urothelium . These findings suggested that the RTX had had a clinical effect by a neurotoxic action on the urothelium and suburothelial innervation. The response to intravesical vanilloids in some patients with neurogenic detrusor overactivity (NDO) (Fowler, 2000; de Seze et al., 2004) supports the hypothesis that the emergent C-fibre reflex is important in spinal NDO in man. Urgency incontinence in patients with spinal NDO is often regarded as a valuable treatment target in drug development since the pathophysiology of this disorder is better understood than that of idiopathic detrusor overactivity (IDO). Several pharmaceutical companies are now engaged in research with the aim of trying to modify or eliminate the input from the emergent afferent reflex.
Neuromodulation
It has been known for many years that stimulation of pudendal afferents or sacral nerve roots can suppress abnormal or even normal bladder activity and this effect is utilized by sacral neuromodulation. Neuromodulation is the 'influence of activity in one pathway affecting the pre-existing activity in another' (Craggs & Mcfarlane, 1999) and it is thought that a potential site for the effect of afferent input on the micturition reflex is at the first synapse in the reflex pathway between the bladder primary afferent and the second-order projection neurones in the lateral collateral pathway (Morrison et al., 1995) . Sacral neuromodulation using a stimulating electrode inserted through an S3 foramen, connected to a subcutaneously implanted stimulator, stimulating in the region of the presacral pelvic plexus is now a widely used intervention for treatment of intractable idiopathic DO, which has failed to respond to anticholinergic therapy (Schmidt et al., 1999) .
In spinal cord injured patients with complete lesions, the roots may be stimulated directly by an implanted device, with anterior root stimulation (a 'Brindley stimulator') used to achieve bladder emptying and posterior root stimulation (sacral posterior and anterior root stimulator SPARS) to deliver neuromodulation and increase bladder capacity (Kirkham et al., 2002) .
DSD in spinal cord disease
Following disconnection from the PMC, in addition to the emergence of the segmental reflex that drives DO, the coordinated reciprocal activity of the sphincter and the detrusor is also lost and DSD occurs. The simultaneous contraction of the sphincter with the detrusor may impede bladder emptying and result in high intravesical pressures, which can endanger the upper urinary tracts. Although it is known that DSD can be abolished by dorsal rhizotomy, this is a destructive procedure, which men following spinal cord injury are usually unwilling to undergo since with it reflex erections are lost. Currently, it is DSD which is hindering attempts to achieve more effective bladder emptying using the SPARS stimulator (Kirkham et al., 2002) .
Many patients with spinal lesions need to perform clean intermittent self-catheterization to empty their bladders and some medication which improved striated sphincter relaxation during voiding would have a significant impact in these patients. Nitric oxide donors such as glyceryl trinitrate or isosorbide mononitrate were proposed as agents that might deliver nitric oxide to the sphincter and increase its relaxation (Mamas et al., 2001) , and recent studies showed a promising effect of oral administration of nitric oxide donors on bladder outlet obstruction in men with DSD due to spinal lesions (Reitz et al., 2004) . Research and development is required to develop a phosphodiesterase inhibitor specific for the striated urethral sphincter.
Abnormal intrinsic bladder reflexes causing bladder overactivity
IDO is the most common type of DO. The cause of this condition remains to be fully elucidated and debate has raged in the past as to whether it is primarily myogenic (Brading, 1997) or neurogenic (de Groat, 1997) . The condition has been defined by the ICS as 'incontinence due to an involuntary detrusor contraction y. when there is no defined cause' (Abrams et al., 2002) . Urodynamic studies show the same DO as is seen in neurogenic disorders, but the patient will have no clinical features of a neurological disease. Occasionally, an underlying neurological abnormality is overlooked initially, but in the majority of patients, clinical neurological examination and neurological imaging is normal. There is probably no good animal model of this disorder.
What is becoming increasingly clear is that the urothelium and suburothelium play a major role in initiating detrusor contractions. The urothelium is now recognized as having substantial sensory properties (Birder et al., 1998) and the suburothelium, the lamina propria, is known to be extensively innervated (Dixon & Gilpin, 1987; Wiseman et al., 2002) . Naked axons have been seen to pass between the basal processes of the epithelial cells and the basal lamina of the S20
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Human neurological bladder control urothelium (Wiseman et al., 2002; Figure 5 ) and the urothelium has been shown to express a variety of receptors and release acetylcholine, ATP and NO on stretching (Birder et al., 1998) . Using transmission electron microscopy a complex sensory network in man has been shown in the suburothelial layer consisting of vesicle-packed naked axons (Wiseman et al., 2002) (Figure 5 ). The vesicles are clear or larger dense-cored but the contents remain to be identified. The lamina propria innervation is currently the subject of intense research using various immunoreactive staining techniques. The unmyelinated nerves have been demonstrated to contain a wide variety of active agents, including CGRP, substance P, VIP, substance Y (Smet et al., 1997) and acetylcholine, and may also release ATP. TRPV1-and P2X 3 -immunoreactive fine nerve fibres have been found scattered throughout the suburothelium and traversing the muscle layer, with a similar distribution to PGP 9.5-immunoreactive fibres, but less numerous, suggesting localization in subsets of axons (Yiangou et al., 2001) . A recent finding of great interest in human bladder biopsies has been the identification of a layer of myofibroblasts in the zone immediately beneath the epithelial basal lamina. These were found lying in parallel to the urothelium and formed a lattice structure, being discoidal in appearance and having attachments to one another at the margins as well as elements of innervation ( Figure 5 ) (Wiseman et al., 2003) . It has been postulated that these cells and their innervation collectively have the structure to function as a bladder volume sensing organ. The responsiveness to ATP of cells in the guinea-pig thought to be homologous to these raises the possibility that the urothelium (Wu et al., 2004) , suburothelial innervation and myofibroblasts function as a unit to provide sensory information about the state of fullness of the bladder. Communication with the detrusor smooth muscle through intrinsic bladder reflexes may be the basis for autologous bladder activity.
The study which demonstrated intravesical RTX was effective in reducing idiopathic DO was presented as evidence that C-fibres pay an important role in this disorder (Silva et al., 2002) . This finding and the well-established fact that the condition responds to antimuscarinics (currently the main therapy) and the injection of botulinum toxin are all consistent with the view that afferent activity is important in the initiation of DO. Andersson has recently pointed out that contrary to the long-held teaching that antimuscarinics were effective in the treatment of urgency incontinence because of their cholinergic blockade of the detrusor innervation, that they are effective in the storage phase and reduce urgency and increase bladder capacity, implying that muscarinic receptors, which have been demonstrated in the urothelium and suburothelial innervation, have a role in the disorder (Andersson, 2004) . The urothelium has been shown to release acetylcholine on stretching and the amounts increased in IDO and the aging bladder. Another important function of the urothelium on being stretched is the release of ATP (Ferguson et al., 1997) and the role of the suburothelial purinergic innervation (Burnstock, 2001 ) is currently being investigated. ATP release has been shown to be increased in aging (Yoshida et al., 2004) and furthermore the sensitivity of the TRPV1 receptor has been shown to be potentiated by ATP (Tominaga et al., 2001) .
Detrusor injections of botulinum toxin-A (BTX/A), introduced on the principle that the toxin would block the presynapthic release of acetylcholine (Schurch et al., 2000) have shown an efficacy much greater than that expected from merely paralysing the detrusor muscle. Conclusively demonstrated to be highly effective in treating NDO (Reitz et al., 2003) BTX/A has now been shown to be equally effective in treating IDO (Popat et al., 2005) . It appears that BTX/A may have a complex effect on the urothelium and suburothelial innervation (Apostolidis et al., 2006) . Our understanding of IDO will be greatly improved when it is understood how botulinum toxin A has such an exceptional effect on the condition.
Painful bladder syndrome
Although it now seems highly likely that IDO is due at least in some part to overactivity of bladder afferents resulting in painless, involuntary detrusor contractions there is another clinical condition also thought to be due to upregulation of afferent activity, the 'painful bladder syndrome'. This has been defined by the ICS as 'pain on bladder filling, often accompanied by urinary frequency in the absence of any other demonstrable bladder pathology' (Abrams et al., 2002) . In the USA, the condition was formerly referred to as 'interstitial cystitis' (Gillenwater & Wein, 1988) . It is characterized by pain on bladder filling, but not involuntary bladder contractions and incontinence is not a feature of this condition. The cause of this condition remains to be discovered, but there is increasing evidence of urothelial dysfunction (Keay et al., 2004) , possibly reducing the protection the suburothelial Figure 5 A schematic diagram showing the main ultrastructural constituent elements of the superficial layers of the human bladder. Flattened cells with pale nuclei, known as 'umbrella cells' form the innermost layer of the bladder with tight and adhaerens junctions linking them to one another. These are supported by basal epithelial cells which are closely attached to the basal lamina (bl). Naked axons can be seen between the basal processes of the epithelial cells and immediately beneath the basal lamina. In the zone immediately beneath the epithelial basal lamina are fine axons, either naked or in intimate association with flattened cells have the cytological characteristics of myofibroblasts (mf). Also in this layer are fenestrated capillaries orientated towards the urothelial surface. Within the deeper zones of the lamina propria is a diffuse plexus of unmyelinated fibres containing slender axons linking periodic varicosities which enclose numerous small clear and dense cored vesicles. Close to the smooth muscle of the detrusor (det) nerves consist of small myelinated fibres and numerous unmyelinated strands, partially or completed invested by perineurium. From with permission.
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Human neurological bladder control S21 innervation is usually given, so that the end result is of a neuropathic type pain. The large variety of possible treatments that have been recommended underlies the fact that no single one has been demonstrated yet to be highly effective.
Stress incontinence
Disorders that cause DO and thus incontinence are fundamentally different from those characterized by a weak sphincter or weak pelvic floor, which can also cause incontinence, known as 'stress urinary incontinence'. This has been defined by ICS as 'the complaint of involuntary leakage on effort or exertion, or on sneezing or coughing' (Abrams et al., 2002) . In this condition, increases in intra-abdominal pressure with exertion such as coughing or exercise are transmitted to the bladder contents causing a rise in intravesicular pressure, which is inadequately counteracted by reflex increase in outflow resistance due to sphincter weakness or poor connective tissue. It seems likely that the stress incontinence that affects middle-aged women is due to a combination of factors including laxity of pelvic floor support structures and an intrinsic weakness of the striated urethral sphincter. Duloxetine, a norepinephrine and serotonin reuptake inhibitor, which has been shown to significantly increase sphincter muscle activity during bladder filling in the cat acetic acid model of irritated bladder function (Thor & Katofiasc, 1995) has been shown to have a beneficial effect in women with urinary stress incontinence (Dmochowski et al., 2003) .
Perspective for the future
Our understanding of the neurology of the bladder has greatly increased in recent years resulting in better and more effective treatments of DO. What has become clear is that the same treatment is unlikely to be effective for all the varied causes of DO and incontinence, and that those various different conditions are going to require different approaches for optimal management. A highly effective oral agent with few significant side effects, which can be used to treat idiopathic DO, would have very considerable potential to improve the quality of life for many patients and hopefully its discovery is not far off.
Although the emphasis of this article has been to review the causes and possible treatments of incontinence, since that is the condition which is seen as having the major personal and economic impact, treatment for other disorders such as incomplete emptying and bladder pain certainly warrant future research.
